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A novel kind of Yb3þ, Er3þ co-doped Ca5Mg4(VO4)6 up-conversion (UC) luminescence phosphor was
synthesized using a high-temperature solid-state reaction route. X-ray diffraction illustrated that pure
phase Ca5Mg4(VO4)6 were obtained in as-prepared un-doped and doped samples. The Ca5Mg4(VO4)6 host
is a kind of novel self-activated yellowish-green luminescent material, which has a broad emission band
ranging from 400 to 800 nm with the peak at 546 nm under 367 nm excitation. Two intense green
emission bands peaking at 523 (2H11/2/ 4I15/2) and 552 nm (4S3/2/ 4I15/2) as well as a weak red one
(4F9/2/ 4I15/2) around 658 nm were observed under 975 nm excitation in Yb3þ, Er3þ co-doped
Ca5Mg4(VO4)6 because of the existence of energy transfer from Yb
3þ to Er3þ ions, which was demon-
strated using the decay lifetimes. The luminescence and energy transfer (ET) mechanisms were clariﬁed
in detail and the generations of the up-conversion emissions in the green and red regions were
demonstrated to be both double photon excitation processes.
© 2017 Elsevier B.V. All rights reserved.1. Introduction
Rare-earth ions (Ln3þ) doped upconverting materials can efﬁ-
ciently convert near-infrared (NIR) light into visible or ultraviolet
(UV) light through sequential multiphoton absorption processes,
which have attracted extensive attention because of their potential
applications in many aspects such as light-emitting diodes (LEDs),
solid-state lasers, optical temperature probes, biological imaging,
ﬁber-optic ampliﬁers, solar cells and etc [1e6]. Among the various
rare-earth ions, Tm3þ, Er3þ and Ho3þ are usually chosen to be the
activators for up-conversion (UC) applications owing to their
abundant energy levels [7e9]. In terms of Er3þ, as the most
extensively used dopant for UC luminescence, it has three well
known intermediate energy levels (4I11/2, 4S3/2 and 4F9/2) that can be
conveniently pumped by the NIR excitation around 980 nm and
produce green and red emission components in the visible region
due to electronic transitions from these states to the ground state
4I15/2 [10,11]. It is well known that the UC emission efﬁciency of
phosphors is closely related to the host material, that is, lower
phonon energy of host materials will result in reducing non-VanDeun@UGent.be (R. Vanradiative loss and higher UC emission efﬁciency [12]. Therefore,
selecting proper host materials for Er3þ ions doping plays an
important role in improving the UC emission efﬁciency. It has been
established that co-doping Yb3þ can serve as a sensitizer to highly
enhance the UC emission intensity of Er3þ because of its large ab-
sorption cross section around 975 nm (its unique transition of 2F5/
2)
2F7/2) and an efﬁcient energy transfer from Yb3þ to Er3þ ions
[13,14]. In general, in order to obtain efﬁcient UC luminescence
phosphors, materials with low phonon energy should be chosen. At
present, most Yb3þ, Er3þ doped UC phosphors belong to the ﬂuo-
ride, halide, oxyhalide or oxysulﬁde families [15e20], in which the
most representative one is NaYF4 [21,22]. Although the UC emission
efﬁciencies of these kinds of phosphors are good, their actual
application has been limited due to their inferior stability, toxicity
and harmfulness to the environment. Compared to them, the oxide
matrices have low toxicities and a good stability, which makes
them promising candidates for synthesizing rare-earth ions doped
UC luminescent materials such as Ca3WO6:Yb3þ/Er3þ,
BaIn2O4:Yb3þ/Er3þ, NaSrLa(MoO4)3:Er3þ/Yb3þ, CaSc2O4:Er3þ/Yb3þ,
Ba5Gd8Zn4O21:Er3þ/Yb3þ, ZrO2:Yb3þ,Er3þ and etc [23e28]. There-
fore, developing new efﬁcient oxide or complex oxide UC lumi-
nescence phosphors with relatively low phonon energy is well
desired.
Vanadates can act as self-activated phosphors and emit blue to
yellow light under UV excitation originating from the charge-
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They can also be selected as hosts for luminescent materials
because of their high optical absorption and emission cross sections
for Ln3þ ions. Ln3þ-doped vanadates (mainly focused on YVO4 and
GdVO4) have been reported as efﬁcient luminescent phosphors
[32e34] as well as a few kinds of luminescent materials such as
K3Gd(VO4)2:Eu3þ, CsK2Y [VO4]2:Eu3þ, Na3La8V3O21:Eu3þ, BiBa2-
V3O11:A (A¼ Sm3þ, Eu3þ), Na2GdMg2V3O12:Yb3þ,Nd3þ, LaV-
O4:Eu3þ, Dy3þ/Eu3þ:YVO4 [35e41]. Recently, Yb3þ, Tm3þ/Ho3þ/Er3þ
co-doped REVO4 (RE¼ rare earth) such as ScVO4, YVO4 and GdVO4
have been reported, which can show good UC luminescence
properties [42e45]. However, to the best of our knowledge, other
vanadate UC luminescence phosphors are rarely investigated. In
2013, Liu et al. [46] reported the Raman spectra of prepared
Ca5Mg4(VO4)6, showing a maximum phonon energy around
917 cm1, a relatively low one. Therefore, we consider that UC
luminescence properties may be good when doping Yb3þ and Er3þ
into this host. Based on this, in this paper, we report the Yb3þ, Er3þ-
doped Ca5Mg4(VO4)6 UC luminescence phosphor which was pre-
pared via a high-temperature solid-state reaction method. We
examined the self-activated luminescence properties of the host
and the UC emission properties of doped samples with different
concentrations of lanthanide ions. Compared with the singly doped
Er3þ sample, the co-dopings of Yb3þ in the samples signiﬁcantly
enhance the emission intensity because of the large absorption
cross section of Yb3þ and efﬁcient energy transfer to Er3þ ions.
Moreover, optimizations of Yb3þ and Er3þ concentrations have also
been conducted. The UC mechanisms of Er3þ and Yb3þ,Er3þ doped
Ca5Mg4(VO4)6 have been investigated in detail through the analysis
of the pump power dependence of the UC luminescence intensity
and the energy level diagrams. These results are encouraging for
the further exploration of other vanadate matrices as potential host
candidates for UC luminescent materials.
2. Experimental section
2.1. Materials synthesis
A series of phosphor powder samples with nominal composi-
tion Ca5(1-x-y)Mg4(VO4)6:xYb3þ, yEr3þ (abbreviated as
CMVO:xYb3þ, yEr3þ, x¼ 0e0.2, y¼ 0e0.03) were synthesized via a
high-temperature solid-state reaction route. Typically, raw mate-
rials of CaCO3 (AR), MgO (AR), V2O5 (AR), Yb2O3 (99.9%) and Er2O3
(99.9%) were ﬁrst weighed according to the stoichiometric ratio,
then thoroughly mixed and ground into ﬁne powder using an agate
mortar for about 15min. with proper addition of ethanol, after
which the mixtures were dried and transmitted to a ceramic cru-
cible for the subsequent calcination in a box furnace at 800 C for
8 h under air. Eventually, the products were funace-cooled to room
temperature and ground once again for subsequent
characterizations.
2.2. Characterization
X-ray diffraction measurements on the powders were done
using a Thermo Scientiﬁc ARLX’TRA diffractometer equipped with a
Cu Ka source (l¼ 1.5405 Å). Scanning Electron Microscopy (SEM)
images were measured on a JEOL JSM-7610F FEG-SEM with an
operated voltage of 15 kV and 10mA. Fourier transform infrared
(FT-IR) spectra were acquired on a FT-IR-RAMAN-DRIFT NICOLET
6700 setup. Photoluminescence (PL) including self-activated
luminescence measurements for the host and UC luminescence
measurements for doped samples were conducted on an Edinburgh
Instruments FLSP 920 UVeviseNIR spectroﬂuorimeter with a
450W xenon lamp and a continuous-wave diode laser (400mW) at975 nm as the steady-state excitation sources and emission spectra
recorded in the wavelength range from 400 nm to 800 nm. Lumi-
nescence decay curves were recorded using a 60W pulsed xenon
lamp (pulse rate 100Hz) for the CMVO host, or a Continuum
Surelite I-10 N d: YAG pumped OPO Plus laser with the excitation
wavelength set at 975 nm, with a pulse rate of 10 Hz, for the UC
samples.
3. Results and discussion
3.1. Phase purity and structure analyses
Fig. 1a shows the XRD patterns for the CMVO host and the
Yb3þ,Er3þ-doped CMVO phosphors in the recorded range of 15e65
(2q). It is observed that all the diffraction peaks can be readily
indexed to the Ca5Mg4(VO4)6 phase corresponding to the standard
JCPDS card no. 34e0014 except for a minor unknown phase signed
with *. No other noticeable peaks within the whole range can be
found, indicating that co-doping Yb3þ and Er3þ into the CMVO host
lattice did not arouse any signiﬁcant change. The effective ionic
radii of Yb3þ (r¼ 0.98 Å, coordination number (CN)¼ 8; r¼ 0.87 Å,
CN¼ 6) and Er3þ (r¼ 1.00 Å, CN¼ 8; r¼ 0.89 Å, CN¼ 6) are close to
that of Ca2þ(r¼ 1.12 Å, CN¼ 8) and Mg2þ (r¼ 0.72 Å, CN¼ 6) while
much larger than that of V (r¼ 0.36 Å, CN¼ 4). However, the ionic
radius of Ca2þ is larger than that of Yb3þ and Er3þ contrary to Mg2þ.
Therefore, we consider that Yb3þ and Er3þ are preferable to occupy
Ca2þ atom sites. Since the cell parameters of the compound can't be
obtained from the JCPDS card, we did the Rietveld reﬁnement for
the XRD data of the CMVO host by using the General Structure
Analysis System (GSAS) programme [47]. The structure of
Ca5Mg3Zn(VO4)6 (ICSD #2002588), which is identical to that of
CMVO, was employed as the initial model for the Rietveld analysis.
The reﬁned patterns are displayed in Fig. 1b. The olive solid lines
and black crosses stand for the calculated proﬁle and raw experi-
mental patterns, respectively. The red short vertical lines corre-
spond to the Bragg reﬂection positions obtained by calculation from
the crystal structure of Ca5Mg3Zn(VO4)6. The cyan lines under the
red bars illustrate the differences between the calculated and
experimental results. The reﬁned results imply that all atom co-
ordinates, fraction factors and thermal vibration parameters were
ﬁtted well with the reﬂection condition, Rp¼ 10.67%, Rwp¼ 14.65%,
indicating that the reﬁned results are reliable. Therefore, the
structure of CMVO, as shown in Fig. 1c, belongs to the cubic system
with cell parameters a¼ b¼ c¼ 12.43636 (8) Å, a¼ b¼ g¼ 90.
There are one kind of Ca and Mg and two kinds of V atoms with
corresponding eight, six, and four (shown in the ﬁgure here) co-
ordinated oxygen atoms around, respectively. The SEM images for
CMVO and CMVO:0.08 Yb3þ,0.01Er3þ in Fig. 1d and e, respectively,
show that the particles have irregular morphologies and their sizes
range from about 5 to 25 mm.
The FT-IR spectra within the range of 650e1370 cm1 for the
synthesized CMVO:xYb3þ, yEr3þ are shown in Fig. 2 to recognize
the existence of vanadate radical in the as-prepared samples. As an
example, the several peaks within the region of 1100e400 cm1 in
CMVO:0.12 Yb3þ, 0.01Er3þ at 962, 880, 841 and 738 cm1 corre-
spond to symmetric and asymmetric stretching/bending vibrations
of the VeO bonds in the (VO4)3- group [48].We can observe that the
peaks in the samples occur similarly, which illustrates that the
(VO4)3- group always exists in the as-prepared samples.
3.2. Photoluminescence properties
Fig. 3a shows the PL excitation and emission spectra for the
undoped CMVO sample. We can observe that the emission spec-
trum presents an asymmetrical band from 400 to 800 nm under
Fig. 2. FT-IR spectra of as prepared samples CMVO:xYb3þ, yEr3þ.
Fig. 1. (a) XRD patterns of the Ca5Mg4(VO4)6 host and doped CMVO:xYb3þ, yEr3þ (the * shows a minor unknown phase), as well as of the Ca5Mg4(VO4)6 reference compound (JCPDS
card no.34e0014); (b) Rietveld reﬁnement of the powder XRD proﬁle for the representative Ca5Mg4(VO4)6 host; (c) Crystal structure of Ca5Mg4(VO4)6 compound; (d) and (e) are the
SEM images for representative CMVO and CMVO:0.08 Yb3þ,0.01Er3þ samples.
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intensity at 546 nm, which can be decomposed into two symmet-
rical bands peaking at 517 and 577 nm, corresponding to the
3T2/1A1 and 3T1/1A1 transitions in the (VO4)3- group, respec-
tively. It is well known that the transitions of 3T1 and 3T2/1A1 are
forbidden in the ideal tetrahedral symmetry [49]. However, the
structure of the (VO4)3- groups can be distorted from the ideal
tetrahedron because of the inﬂuence from the neighboring CaO8
polyhedra and MgO6 octahedra, which gives rise to the observed
luminescence transitions. The excitation spectrum also shows a
broad band from 250 to 430 nm with the peak maximum at
367 nm, which is attributed to the ligand-to-metal CT from the 2p
orbital of O2 to the 3d orbital of V5þ within the tetrahedrally co-
ordinated (VO4)3- groups, matching well with common near-UV
chips. It also can be deconvoluted into two bands with peaks at349 and 371 nm, which can be ascribed to the 1A1/1T2 and
1A1/1T1 transitions of the (VO4)3- tetrahedron, respectively. The
excitation and emission processes can be elucidated in Fig. 3b. It can
be found that the energy gap between 1T2 and 1T1 is 1699 cm1,
while 2011 cm1 between 3T2 and 3T1. Insets show that the phos-
phor displays a bright yellowish-green emission color upon a
365 nmUV lamp excitation, as compared to the light orange color of
the powder observed in daylight. Therefore, this kind of self-
activated phosphor can be considered as a good candidate for
near-UV pumped w-LEDs (white LEDs). The luminescence decay
curve monitored at 546 nm of the CMVO sample upon pulsed
excitation at 367 nm is illustrated in Fig. 3c. It can be ﬁtted well
with a single exponential function as expressed I(t)¼ I0exp (-t/t),
where I and I0 are the luminescence intensities at time t and 0,
respectively, and t corresponds to the luminescence decay lifetime.
The ﬁtting result shows that the estimated lifetime value for the
CMVO sample is 8.503 ms.
It is well known that the UC emission intensity is correlated
with the concentrations of the doped ions, thus we investigated the
effect of the Yb3þ and Er3þ doping concentrations on the
CMVO:Yb3þ, Er3þ UC luminescence intensity. Fig. 4a and b presents
the UC luminescence spectra of CMVO:xYb3þ, 0.01Er3þ and
CMVO:0.12 Yb3þ, yEr3þ with different concentrations from x¼ 0 to
0.20 and y¼ 0.004 to 0.03 upon excitation at 975 nm, respectively.
As can be seen in Fig. 4a, the emission intensity of the singly Er3þ-
doped CMVO is hardly observable in comparison with that of the
Yb3þ, Er3þ co-doped CMVO samples, conﬁrming the beneﬁcial ef-
fect of Yb3þ-co-doping. In the case of the Yb3þ, Er3þ co-doped
CMVO, the obtained emission spectra contain two main green
emissions centered at 523 nm (a relatively weak one) and 552 nm
(a predominant one) along with a very weak red emission around
658 nm, which correspond to the characteristic inner shell transi-
tions from the excited state to the ground state of 4f electronic
conﬁguration of Er3þ, namely 2H11/2/ 4I15/2, 4S3/2/ 4I15/2 and 4F9/
2/
4I15/2, respectively [50]. The inset in Fig. 4b for the
Fig. 3. (a) PL excitation and emission spectra of the CMVO host. The insets show photographs of the host under daylight and under 365 nm UV lamp excitation; (b) Energy levels
and CT transitions in [VO4]3-; (c) Decay curve of the CMVO host monitored at 546 nm upon excitation at 367 nm.
Fig. 4. (a) PL emission spectra of CMVO:xYb3þ, 0.01Er3þ and corresponding variation of emission intensity of 2H2/11 and 4S3/2 energy levels with increasing Yb3þ concentration x (c);
(b) PL emission spectra of CMVO:0.12 Yb3þ, yEr3þ and corresponding variation of emission intensity of 2H2/11 and 4S3/2 energy levels with increasing Er3þ concentration y (d). Inset
shows luminescence photos of representative samples (x¼ 0, 0.02, 0.04, 0.08, 0.12, 0.16) under 975 nm excitation with laser power of 372.4mW, respectively, from left to right.
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under 975 nm laser excitation with 372.4mW of power are sup-
plied for comparison, fromwhich we can see that the luminescence
color and brightness is consistent with the variation of corre-
sponding emission spectra in Fig. 4a. As shown in Fig. 4c, the UC
emission intensities of the green component (2H11/2/ 4I15/2 and
4S3/2/ 4I15/2 transitions) in CMVO:xYb3þ, 0.01Er3þ increase ﬁrst
and then reach a maximum at x¼ 0.16 and 0.12, respectively. A
similar trend also can be found in the CMVO:0.12 Yb3þ, yEr3þ
samples, where both 2H11/2/ 4I15/2 and 4S3/2/ 4I15/2 transitions in
Fig. 4d reach a maximum for y¼ 0.05, after which the intensity
decreases again with increasing concentration due to the concen-
tration quenching effect, which is caused by non-radiative energy
transfer (ET) and cross relaxation between Er3þ ions [51]. It is
obvious that the introduction of Yb3þ can signiﬁcantly enhance the
UC emission intensity, which is attributed to the Yb3þ ion's large
absorption cross section around 975 nm, a good energy levels
match between Yb3þ and Er3þ and an efﬁcient ET from Yb3þ to Er3þ
ions. The main reason for the concentration quenching in
CMVO:xYb3þ, 0.05Er3þ can be assigned to the general energy back-
transfer (EBT) from Er3þ to Yb3þ: Er3þ (4S3/2) þ Yb3þ (2F7/2)/ Er3þ
(4I13/2) þ Yb3þ (2F5/2) [52,53].In order to prove the efﬁcient ET from Yb3þ to Er3þ ions in this
kind of phosphor, temporal evolutions of the 552 nm green emis-
sion upon 975 nm excitation for the singly Er3þ doped and Yb3þ,
Er3þ co-doped samples were recorded and this has been shown in
Fig. 5. It is clear that the Yb3þ, Er3þ co-doped samples display longer
luminescence decay times than the singly Er3þ-doped sample, as
well as an increase in the luminescence decay timeswith increasing
Yb3þ concentration. This demonstrates the existence of ET from the
Yb3þ to the Er3þ ions. Under the 975 nm excitation pulse, Yb3þ ions
are excited to the 2F5/2 state and the UC emission builds up with
time by constant ET which increases the population of emissive
states of Er3þ. The decay curves in Fig. 5 can be ﬁtted well with the
double-exponential equation expressed by the following formula
[54]:
IðtÞ ¼ I0 þ A1 expðt=t1Þ þ A2 expðt=t2Þ (1)
where I(t) and I0 stand for the luminescence intensity of
CMVO:xYb3þ, yEr3þ at time t and 0, A1 and A2 are constants, and t1
and t2 correspond to the luminescent lifetimes for the quick and
slow decay, respectively. After ﬁtting the curves, the average life-
times (t*) can be calculated using the following equation:
Fig. 5. Decay curves of CMVO:xYb3þ, yEr3þ monitored at 552 nm upon excitation at
975 nm.
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
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2
1 þ A2t22
.
ðA1t1 þ A2t2Þ (2)
The corresponding lifetimes are presented in Fig. 5, the decay
times increase from 9.66 ms to 22.06 ms with increasing Yb3þ con-
tent from 0 to 0.12 in CMVO:xYb3þ, 0.01Er3þ, illustrating the pre-
dominant role of ET from Yb3þ to Er3þ in generating UC emission of
Er3þ. The decay time of CMVO:0.12 Yb3þ, 0.03Er3þ is smaller than
that of CMVO:0.12 Yb3þ, 0.01Er3þ because of the concentration
quenching of Er3þ.3.3. Energy transfer mechanism and CIE coordinate diagram
The energy level diagram for Er3þ and Yb3þ including excitation
pathways, emission processes and UC mechanisms are demon-
strated in Fig. 6, which is useful to better understand the possible
UC processes and the mechanisms of the green and red emissions
in CMVO:Yb3þ, Er3þ samples. The possible UC population processes
of the Er3þ and Yb3þ co-doped system upon excitation with a
975 nm laser are exhibited in Fig. 6. Since the energy level of 2F5/2
for Yb3þ is close to that of 4I11/2 for Er3þ, thus the ET from Yb3þ to
Er3þ should be highly efﬁcient. By absorbing infrared photons,
ground state absorption (GSA) processes of Yb3þ and Er3þ ﬁrst takeFig. 6. The energy level diagram of Yb3þ and Er3þ ions, as well as the proposed UC
mechanism in Er3þ-Yb3þ co-doped CMVO upon 975 nm excitation.place as following: 2F7/2 þ a photon (975 nm)/ 2F5/2 in Yb3þ and
4I15/2þ a photon (975 nm)/ 4I11/2 in Er3þ, respectively. The energy
is mostly absorbed by Yb3þ as a result of its much larger absorption
cross section than that of Er3þ around the 975 nm wavelength.
Therefore, the 4I11/2 excited energy level of Er3þ is mainly populated
by the ET process from Yb3þ to Er3þ [ET1: Yb3þ (2F5/2)þ Er3þ (4I15/2)
/Yb3þ (2F7/2) þ Er3þ (4I11/2)]. As for the two primary green emis-
sions, the bands centered at 523 and 552 nm correspond to the
2H11/2/ 4I15/2 and 4S3/2/ 4I15/2 transitions of Er3þ, respectively, as
was mentioned above. The 2H11/2 energy level is populated via the
non-radiative relaxation (NR) process from the 4F7/2 energy level of
Er3þ, and 4S3/2 is populated through the further NR from 2H11/2
level. The population of 4F7/2 level may be originated from the
following three pathways: Er3þ (4I11/2)þ a photon (975 nm)/ Er3þ
(4F7/2) [excited state absorption (ESA)2], Er3þ (4I11/2) þ Yb3þ (2F5/2)
/ Er3þ (4F7/2) þ Yb3þ (2F7/2) (ET3), and Er3þ (4I11/2) þ Er3þ (4I11/2)
/ Er3þ (4F7/2)þ Er3þ (4I15/2) [cross relaxation (CR)] [50,55]. The red
emission is assigned to the 4F9/2/ 4I15/2 transition of Er3þ. The
energy level 4F9/2 may be populated via the following processes:
the metastable level 4I13/2 is populated via the NR process from
excited state 4I11/2 level, then it is transmitted to 4F9/2 level via the
Er3þ (4I13/2) þ a photon (975 nm)/ Er3þ (4F9/2) (ESA1), Yb3þ (2F5/
2) þ Er3þ (4I13/2) / Yb3þ (2F7/2) þ Er3þ (4F9/2) (ET2). Two other
possible processes to populate the 4I13/2 level is an EBT from Er3þ to
Yb3þ on one hand, or a CR process of Er3þ (4I15/2) þ Er3þ (4S3/2)/
Er3þ (4I9/2) þ Er3þ (4I13/2)], on the other hand. Moreover, the NR
from 4S3/2 to 4F9/2 can also contribute to the red emission.
The CIE chromaticity coordinates for the CMVO host upon
367 nm excitation and the CMVO:xYb3þ, 0.01Er3þ (x¼ 0e0.20)
materials upon 975 nm excitation are displayed in Fig. 7 and listed
in Table 1. The CMVO host has the coordinates (x¼ 0.373,
y¼ 0.460), which corresponds to the yellowish-green region in the
diagram. With increasing Yb3þ concentration, the coordinates for
CMVO:xYb3þ, 0.01Er3þ shift from (x¼ 0.293, y¼ 0.660) to
(x¼ 0.258, y¼ 0.717) corresponding to an Yb3þ concentration
changing from x¼ 0 to 0.20, in the green region, which means the
ratio of green/red component increases with increasing Yb3þ con-
centration in CMVO:xYb3þ, 0.01Er3þ.Fig. 7. CIE chromaticity coordinate diagram of as-prepared CMVO host (1), and
CMVO:xYb3þ, 0.01Er3þ (2e9, x¼ 0.00, 0.01, 0.02, 0.04, 0.08, 0.12, 0.16, 0.20) phosphors.
Table 1
CIE chromaticity coordinates of as-prepared CMVO (1) upon 367 nm excitation and CMVO:xYb3þ, 0.01Er3þ (2e9, x¼ 0.00, 0.01, 0.02, 0.04, 0.08, 0.12, 0.16, 0.20) upon 975 nm
excitation.
samples 1 2 3 4 5 6 7 8 9
CIE (x, y) (0.373, 0.460) (0.293, 0.660) (0.292, 0.669) (0.275, 0.697) (0.268, 0.707) (0.267, 0.709) (0.263, 0.713) (0.260, 0.715) (0.258, 0.717)
Fig. 8. (a) Variation of emission spectra for CMVO:0.12 Yb3þ, 0.01Er3þ with increasing pump power; (b) Dependence of UC luminescence intensity of CMVO:0.12 Yb3þ, 0.01Er3þ on
the pump power.
K. Li et al. / Journal of Alloys and Compounds 737 (2018) 767e773772For a multiple photon UC process, it is accepted that the rela-
tionship between the UC luminescence intensity (I) and the pump
power (P) is useful to determine the UC mechanism, which can be
expressed using the following formula:
IfPn (3)
where n is the number of excitation photons absorbed by RE ions in
the ground state to transit to the emitting state [56]. The variation
of the emission spectra under 975 nm excitation for
CMVO:0.12 Yb3þ, 0.01Er3þ with increasing input power from 144.7
to 424.1mW has been presented in Fig. 8a. It can be seen that a
monotonous increase of the emission intensity takes place with
increasing power. The corresponding dependencies of the in-
tensities of the green (2H11/2/ 4I15/2 and 4S3/2/ 4I15/2) and red
(4F9/2/ 4I15/2) emissions on the pump power have been exhibited
in Fig. 8b. In general, the excitation photons n can be obtained from
the slope of the straight line through the plot of ln I versus ln P. As
shown in Fig. 8b, the slopes of the curves for the green and red
components are 1.987, 2.088, and 1.901, close to 2, respectively,
indicating that the green (2H11/2/ 4I15/2 and 4S3/2/ 4I15/2) and red
(4F9/2/ 4I15/2) transitions in Yb3þ, Er3þ co-doped CMVO are both
two-photon absorption processes.
4. Conclusions
An intense yellowish-green self-activated down-shift phosphor
CMVO and UC green luminescence phosphors CMVO:Yb3þ, Er3þ
were prepared by a high-temperature solid-state reaction method.
CMVO shows a broad emission band from 400 to 800 nm with a
maximum at 546 nm under 367 nm UV excitation, attributed to the
charge transfer transition of O2 to V5þ in the (VO4)3- group. A good
match of the excitation spectrum with common UV LED chips in-
dicates its potential application for UV w-LEDs. In Yb3þ, Er3þ co-
doped CMVO, UC luminescence contains two main green emis-
sion bands peaking at 523 and 552 nm due to the transitions of
respective 2H11/2/ 4I15/2 and 4S3/2/ 4I15/2 of Er3þ and a weaker
red one around 658 nm originating from the 4F9/2/ 4I15/2 transi-
tion. The luminescence lifetimes of the green emission centered at
552 nm illustrate that the efﬁcient ET from Yb3þ to Er3þ inCMVO:Yb3þ, Er3þ plays an important role in the UC process.
Moreover, the possible UC luminescence process and mechanism
were investigated. Results indicate that green (2H11/2/ 4I15/2 and
4S3/2/ 4I15/2) and red (4F9/2/ 4I15/2) transitions in materials are
both two-photon absorption processes.Acknowledgements
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